One-hundred and twenty-two urinary isolates of Escherichia coli were studied for trimethoprim resistance. Seventy-seven (63.1%) of the 122 isolates were found to be resistant to trimethoprim. Of the 77 trimethoprim-resistant isolates, 75 dfr genes were detected in 72 isolates as follows: the dfrA17 gene was the most prevalent, being found in 27 isolates, followed by dfrA12 in 26, dfrA1 in 15, dfrA5 in four and dfrA7 in three. Southern blot and PCR mapping analysis revealed that all of the dfrA17, dfrA12, dfrA5 and dfrA7 genes were located on class 1 integrons. The dfrA1 gene inserted as a gene cassette in class 1 integrons was found in 10 of 15 isolates, and the intI2 gene of Tn7 was detected in two out of five isolates. In conjugation experiments, the dfr genes inserted in class 1 integrons were transferred to a recipient E. coli in 32 (42.7%) of the 75 dfr genes. In conclusion, the dfrA17 and dfrA12 genes were the most prevalent genes responsible for trimethoprim resistance in urinary tract isolates of E. coli from Korea and the dfr genes inserted in integrons are more widespread than those that are not related to gene cassettes.
Introduction
Trimethoprim is a broad-spectrum antimicrobial agent active against enteric pathogens such as Escherichia coli and Shigella species. 1 It is a competitive inhibitor of dihydrofolate reductase (DHFR), which catalyses the reduction of dihydrofolate to tetrahydrofolate in all living cells.
2 Bacterial resistance to trimethoprim is due to a variety of mechanisms. Mobile genetic elements including plasmids, 3,4 transposons 5 and integrons 6-8 that encode trimethoprim resistance lead to the generation of an additional mutant DHFR that is less sensitive to inhibition by trimethoprim. Recently, many dfr genes have been found as gene cassettes inserted in integrons. 7, 8 The DHFRs were classified into two families using amino acid sequence analysis. The class A DHFR family includes most of the known trimethoprim-resistant DHFRs. The DHFRs in this family are 64-88% identical in amino acids and mediate high-level resistance to trimethoprim. 1 dfrA1, dfrA5, dfrA7 and dfrA14 were found to be cassetteassociated, although dfrA6 was not found in an identifiable cassette.
7 dfrA12 and dfrA13, which are associated with cassettes, are closely related to one another but not to members of this family. The class B DHFR family includes types IIa, IIb and IIc, which are completely unrelated to other DHFRs but which are closely related to one another. Genes that encode the class B DHFRs are all cassetteassociated. 8 To date, more than 16 DHFRs have been characterized in Gram-negative facultative bacilli. Different dfr genes seem to have arisen in different parts of the world and then spread to geographically distant regions. In studies of the epidemiology of trimethoprimresistant dfr genes in clinical isolates, the most commonly found gene is dfrA1, which is borne on Tn7.
5,10 The new dfrA17 gene cassette was recently reported in E. coli and conferred high-level resistance to trimethoprim. 11 This gene cassette was 91 and 68% identical to dfrA7 and dfrA1, respectively.
The frequency of resistance to trimethoprim among enterobacterial pathogens has been reported to be higher in Korea than in other countries. 12 Little is known about the epidemiology of trimethoprim-resistance-conferring 
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Materials and methods
Bacterial strains
A total of 122 E. coli were isolated at Kyungpook National University Hospital, Taegu, Korea during the period 1994-1996. The isolates were obtained from urine specimens from patients with significant bacteriuria (Ͼ10 5 cfu/mL). Seventy-seven of the 122 isolates were selected according to their resistance to trimethoprim (MIC у 16 mg/L).
Antibiotic susceptibility testing
The MICs of the antibiotics were determined by agar dilution in Mueller-Hinton agar (MHA) (Difco Laboratories, Detroit, MI, USA) with a Steers multiple inoculator 13 according to the guidelines of the National Committee for Clinical Laboratory Standards (NCCLS).
14 The MIC was defined as the lowest concentration of antibiotic that completely inhibited the growth of the organism. E. coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as quality control strains. The antibiotics included were trimethoprim (Sigma, St Louis, MO, USA), ampicillin, amikacin, gentamicin, kanamycin, streptomycin, tobramycin, sulphamethoxazole and ciprofloxacin. For antibiogram analysis of transconjugants, the same method as that used for the MIC determinations was used, except that a fixed concentration of antibiotics was incorporated into MHA.
Transfer of resistance determinants and plasmid analysis
E. coli RG488 Rif r and RG176 Nal r were used as recipients for conjugation experiments. Logarithmic phase of donor and the recipient strains were grown in trypticase soy broth (Difco Laboratories), and were mixed and incubated at 37ЊC for 20 h. Transconjugants were selected on MHA medium supplemented with trimethoprim (16 mg/L) and nalidixic acid (50 mg/L) or rifampicin (50 mg/L). To confirm the presence of plasmids and to estimate their sizes, plasmids from clinical isolates and their transconjugants were isolated by the method of Birnboim & Doly, 15 and analysed by electrophoresis in 0.7% agarose gels.
PCR amplification of the dfr genes
The PCR was performed in a total volume of 20 L containing the following: 2 L of boiled bacterial suspensions, 50 pM of each primer, 250 M of dNTP, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 and 1.5 U of Taq DNA polymerase (TaKaRa Shuzo Co. Ltd, Shiga, Japan). The primers D1 and D2 described previously by Gibrel & Sköld 16 were used for the detection of dfrA1. Four primer pairs were designed according to the published sequences of dfr genes (Table I) . To detect each dfr gene, the PCR products of dfrA14 with the primers D3 and D4, dfrA13 with the primers D7 and D8, and dfrA17 with the primers D9 and D10 possessed a restriction site for EcoRI, EcoRV and PstI (Promega, Madison, WI, USA), respectively. The amplification reaction with a DNA thermal cycler (PerkinElmer Cetus) consisted of 30 cycles of denaturation at 94ЊC for 30 s, various annealing temperatures (58ЊC for primers D1 and D2, 54ЊC for primers D3 and D4, 57ЊC for primers D5 and D6, 58ЊC for primers D7 and D8, and 51ЊC for primers D9 and D10) for 30 s, and extension at 72ЊC for 1 min. The PCR was ended with a final elongation step of 5 min at 72ЊC.
PCR amplification of integrons
To amplify class 1 integrons and the intI2 gene of Tn7, primer pairs 5Ј-CS (5Ј-GGCATCCAAGCAGCAAG-3Ј) and 3Ј-CS (5Ј-AAGCAGACTTGACCTGA-3Ј), and Int2A and Int2B were used, respectively. 17 The primers Int2A (5Ј-ATGTCTAACAGTCCATTTTTAAATTCTA-3Ј) and Int2B (5Ј-AAATCTTTAACCCGCAAACGC-3Ј) are located within the intI2 gene of Tn7. The PCR was performed as described previously. 17 
Southern hybridization
After agarose gel electrophoresis of PCR products of the class 1 integrons, denatured DNAs were transferred on to a positively charged nylon membrane (Hybond-N + ; Amersham, Braunschweig, Germany) by the capillary method. 18 For hybridization assays the DIG DNA labelling and detection kit (Boehringer Mannheim, Mannheim, Germany) was used according to the manufacturer's instructions. The hybridization procedures were performed under high-stringency conditions.
Results
Antibiotic resistance of E. coli isolates
Of the 122 isolates tested, 77 (63.1%) isolates were resistant to trimethoprim. The MICs of the 77 trimethoprimresistant isolates were found to be у1024 mg/L. In these strains, 76 (98.7%), 72 (93.5%) and 21 (27.3%) isolates were resistant to ampicillin, sulphamethoxazole and ciprofloxacin, respectively. Sixty-five (84.4%) isolates were resistant to more than one aminoglycoside.
Identification of the trimethoprim-resistant dfr genes
Among the 77 trimethoprim-resistant isolates, dfrA1, dfrA5, dfrA7, dfrA12 and dfrA17 were detected ( Figure  1a ). dfrA7 and dfrA17 were co-amplified by PCR with the primers D9 and D10. The PCR products of dfrA17 possessed a restriction site for PstI and digested into 134 and 61 bp fragments (Figure 1b) . Overall, 75 dfr genes were detected in 72 isolates: dfrA17 was detected in 27 isolates, dfrA12 in 26 isolates, dfrA1 in 15 isolates, dfrA5 in four isolates and dfrA7 in three isolates (Table II) . Two different dfr genes co-existed in three isolates (dfrA1 and dfrA17, dfrA7 and dfrA12, and dfrA1 and dfrA12). None of the isolates was found to have dfrA8, dfrA13 or dfrA14. Five isolates in this study showed a negative result when tested for the presence of dfr genes.
Association of dfr genes with integrons
To investigate the association of dfr genes with integrons, we amplified the class 1 integrons and determined whether dfr genes were inserted between the conserved segments of the class 1 integrons. The class 1 integrons of the E. coli isolates that carried dfrA1, dfrA5, dfrA7, dfrA12 and dfrA17 were amplified in lengths of approximately 1900, 720, 770, 1900 and 1660 bp, respectively (Figure 2 ). All isolates that carried the known dfr genes were also found to possess the class 1 integrons, with the exception of seven (four isolates carrying dfrA17, two isolates carrying dfrA1 and one isolate carrying dfrA5). The seven isolates that carried the known dfr genes but were negative in PCR amplification of the class 1 integrons were studied in detail by a PCR mapping analysis. 19 The PCR products of 275 bp were amplified by using the primers 5Ј-CS and D10 (downstream primer of dfrA17) in four isolates. The PCR amplification with the upstream primer of dfrA1 and dfrA5 and 3Ј-CS was positive in 1/2 and 1/1 isolates, respectively. In Southern blot hybridization of PCR products of the class 1 integrons with each dfr gene probe, all of the amplified products of E. coli isolates that carried dfrA5, dfrA7, dfrA12 and dfrA17 were hybridized to each specific dfr gene probe (Table II) . Using Southern blot and PCR mapping analysis, dfrA1 inserted as a gene cassette in class 1 integrons was found in 10 of the 15 isolates. The intI2 gene of Tn7 was amplified in two out of five isolates.
Transfer of trimethoprim resistance and plasmid analysis
In order to test the transferability of trimethoprim resistance in the isolates, a conjugation experiment was carried out with all of the isolates with the known dfr genes. Trimethoprim resistance was conjugally transferable to a recipient E. coli strain in 31 (43.1%) of 72 isolates. Of the transconjugant strains that transferred trimethoprim resistance, dfrA12, dfrA17 and dfrA1 were transferred at a frequency of 14/26, 12/27 and 6/15, respectively (Table II) . Plasmid profiles of each wild E. coli strain and its transconjugant showed that the transconjugants acquired plasmids in the range 67-157 kb (Table III) .
Discussion
The resistance rate of trimethoprim among E. coli isolates from urinary tract infections in this study was 63.1%. Trimethoprim resistance of Gram-negative pathogens isolated from the urinary tract has been reported at levels of 25-68% in South America, Asia and Africa. [20] [21] [22] The trimethoprim resistance rate of E. coli in this study seems to be similar to that reported in other countries, but clearly higher than the rates reported in industrialized countries. 12, 21 The high resistance rate to trimethoprim as well as other antibiotics is one of the most important medical problems in Korea, where the indiscriminate use of antibiotics is widespread.
We investigated the prevalence of dfr genes in E. coli isolated from urinary tract infections. Our data demonstrated that dfrA17 and dfrA12 were the most prevalent genes, and that dfrA1, dfrA5 and dfrA7 were also detected. This prevalence of dfr genes differed from all other previous data. In a report of the prevalence of trimethoprim resistance genes in Gram-negative commensal faecal flora from South Africa, the most prevalent gene was dfrA14, followed by dfrA7, dfrA1, dfrA8, dfrA13, dfrA5 and dfrA12. 23 In a report from the UK, dfrA1 was the most frequent gene in urinary tract isolates.
24 dfrA1 was initially identified as a component of Tn7 and it was thought that the widespread dissemination of the gene was caused by Tn7.
9 However, there is evidence that dfrA1 forms a gene cassette that is not associated with Tn7. Recently, dfrA1 that is integrated in gene cassettes seems to be more widespread than those that bear Tn7. 24 In this study, dfrA1 was inserted as a gene cassette in 10 of the 15 isolates, and Tn7 was detected in two out of five isolates. All of the dfrA5, dfrA7, dfrA12 and dfrA17 genes were found to be associated with gene cassettes. This result suggests that dfr genes inserted in integrons have spread efficiently under the selective pressure of the widespread use of trimethoprim.
When dfr genes become part of a gene cassette, they acquire the ability to move readily from one genome to another. 8 The plasmid-borne dfr gene cassettes in Gramnegative bacteria can move to other bacteria by conjugation. We demonstrated that dfrA1, dfrA12 and dfrA17 were experimentally transferred to a recipient E. coli in 31 of the 72 trimethoprim-resistant isolates. This suggests that an increasing proportion of dfr genes inserted in integrons provides an important mechanism for the dissemination of these genes.
In summary, dfrA17 and dfrA12 inserted in integrons are the most prevalent genes in the urinary isolates of E. coli from Korea, and dfrA1, dfrA12 and dfrA17 in integrons were transferred to recipient bacteria through conjugative R plasmids in 43.1% of E. coli isolates. This result suggests that the dfr genes inserted in integrons may have important implications for the further dissemination of trimethoprim resistance. Abbreviations: Tp, trimethoprim; Su, sulphamethoxazole; Sm, streptomycin; Km, kanamycin; Gm, gentamicin; Tb, tobramycin; Ak, amikacin; Ap, ampicillin. a ND, no plasmid bands detected in the transconjugant strain.
